To elucidate the activity concentration and behavior of radiocaesium, we observed the spatial and vertical distributions of radiocaesium in sediment collected at 12 monitoring stations off the coast of Fukushima Prefecture in 2013-2015. In bulk surface-layer sediment (core depth: 0-3 cm), high 134 Cs activity concentrations were observed at stations around the water depth of 100 m, where the sediment was rich in silt to clay particles and organic matter. The activity concentrations generally decreased with increasing core depth and the extent of the decrease was different between the stations. The difference trend for temporal change of 134 Cs activity concentrations between the two zones of off Onahama and within 30 km of the FDNPS was partly attributed to the mobility of sediment particles reflecting water content, porosity and permeability. At some stations, shaped peaks for activity concentrations were temporarily observed in upper-layer sediment (core depth: 0-1 cm) or sediment below that. The 134 Cs activity concentrations in the surface-layer sediment were not always accompanied by an increase in the contribution from fine (i.e., silt to clay) particle-bound 134 Cs in the sediment. In October 2014, sediment collected at a station about 1.5 km from FDNPS was found to have broad 134 Cs peaks in the middle-layer sediment (core depth: 5-16 cm). In this middle-layer sediment, both sand and silt to clay fractions contributed to the increased 134 Cs activity concentrations. On the other hand, such broad peaks were not found in October 2015. These results suggest that the activity concentrations in sediment had changed significantly by a complicated process of sediment mixing, erosion or re-sedimentation that affected the broad peak for the activity concentration in the middlelayer sediment.
INTRODUCTION
The 2011 off the Pacific coast of Tohoku Earthquake and subsequent tsunami on March 11, 2011 led to the accident at the Tokyo Electric Power Company (TEPCO) Fukushima Dai-ichi Nuclear Power Station (FDNPS). Large amounts of radionuclides were dispersed by the resulting hydrogen explosions, and highly contaminated water also leaked from unit 2 of FDNPS into the terres-events such as atmospheric nuclear weapons testing (from the late 1950s to early 1960s) and the Chernobyl accident (1986) resulted in emissions of various different radionuclides including radiocaesium into the environment (UNSCERA reports, 2006) . In the 2000's, 137 Cs activity concentrations in sediment collected off the coast of Fukushima Prefecture ranged from 0.30 to 2.8 Bq/kgdry (as given in the environmental radioactivity database of the Nuclear Regulation Authority (NRA), 2017a). However, 134 Cs in the environment not detected at the time before the FDNPS accident happened because the halflife of 134 Cs is 2.06 yr. Thus, 134 Cs is a useful tool to track the transportation and behavior of the accident-derived radionuclide on several years scale. As of May 2017, 134 Cs activity concentrations in seawater within the 20 km zone from the FDNPS had decreased to a few mBq/L (NRA, 2017b). In contrast, 134 Cs activity concentrations in marine sediment had decreased more slowly than those in seawater and they have fluctuated widely (NRA, 2017b) .
In 2011-2012, 134 Cs activity concentrations with core depth range of 0-3 cm for sediment collected off the coast of Fukushima and Ibaraki Prefectures in the area south of the FDNPS were higher than those in the area to the north (Kusakabe et al., 2013; Otosaka and Kato, 2014) . Off the coast of Fukushima and northern Ibaraki Prefecture outside the 20 km zone from FDNPS, 134 Cs activity concentrations in sediment were relatively high in a coastal region about 20 km wide in the region shallower than 100 m and low along the 200 m isobaths (Ambe et al., 2014) . Off the coast of Fukushima Prefecture, 137 Cs activity concentrations tend to be high at seabed topographical features such as relatively flat bottom area below or pockmarks (Thornton et al., 2013) . As of October 2011, the calculated total amount of 134 Cs in marine sediment (0-10 cm) from Miyagi, Fukushima, and Ibaraki Prefectures was 0.20 ± 0.06 PBq (decay-corrected to March 11, 2011) , and more than 90% of the total amount of 134 Cs had accumulated in the area where the water depth was shallower than 200 m (Otosaka and Kato, 2014) . Off the coast of Miyagi, Fukushima, and Ibaraki Prefectures, 137 Cs accumulation in sediment (maximum core depth 20 cm) was 100-130 TBq in September 2013 (Black and Buesseler, 2014) .
In the seawater, the behavior of Cs is thought to be conservative, that is, Cs is mainly present in a dissolved state (<1% is attached to marine particles) and Cs adsorbed suspended particles such as organic matter and clay mineral are transported on the seafloor. Radiocaesium accumulates in sediment in several ways: by adsorption to clay minerals such as vermiculite and smectite (e.g., Cornell, 1993) , by electronic bonding at the frayed edge sites (e.g., Poinssot et al., 1999) , and by biological uptake. Radiocaesium activity concentrations in sediment tend to increase with decreasing grain size because of the larger specific surface area of finer grains (He and Walling, 1996) . In sediment collected off the coast of Fukushima and Ibaraki Prefectures, there was a positive correlation between 137 Cs activity concentrations, percentage of small grain size particles and organic matter contents (e.g., Otosaka and Kobayashi, 2013; Ambe et al., 2014; Black and Buesseler, 2014) . The activity concentrations for organic substances were 4-16 times higher than those for bulk sample from a sequential extraction analysis according to grain size in sediment collected off the coast of Fukushima Prefecture (Ono et al., 2015) .
There are factors affecting radiocaesium in the marine environment, including transport from rivers to the sea and behaviour after accumulation, particularly in areas where the water depth is shallower than 200 m. Because the wave bases in fine and stormy weather are about 20 and 80 m, respectively (Saito, 1989) , it is considerable that the areas shallower than 100 m are also affected by erosion and re-sedimentation near the seafloor according to the ocean wave bases. Accumulation of more data on radiocaesium in the marine environment is important for elucidating sediment distribution and effects on marine ecosystems over the long term.
In this study, we investigated distribution of sedimentary 134 Cs in 2013-2015 in two representative coastal zones off the coast of Fukushima Prefecture identified factors affecting the behaviour of radiocaesium in bulk sediment. Dependencies of grain-size and organic matter content on the 134 Cs activity concentrations in sediment are also discussed.
MATERIALS AND METHODS

Marine sediment sampling
Marine sediment samples were collected at 12 monitoring stations during cruises of two training and research vessels (T/V): the T/V Umitaka-maru (UM) and Shinyomaru (SY), which are owned by the Tokyo University of Marine Science and Technology and one research vessel (R/V), Shinsei-maru (KS), which is owned by the Japan Agency for Marine-Earth and Technology (JAMSTEC). Table S1 and Fig. 1 ). The samples were collected using a multiple corer (No. 5173-A, Rigo Co., Ltd., Tokyo, Japan) and were cut into 1-cm thick slices.
Since the features of the seafloor topography off the coast of Fukushima Prefecture are different between the northern and southern parts of Fukushima Prefecture, roughly changing near Onahama port (Mogi and Iwabuchi, 1961; Aoyagi and Igarashi, 1999) , we focused on two representative coastal areas, within 30 km of the FDNPS (30k-FD) and off Onahama (ONH) for collection of seabed sediments.
Radiochemical analysis
Sediment samples were dried at 60∞C, and then, their radiocaesium activity concentrations were measured with a Ge-detector (GX-2019, Canberra Industries, Inc., Meriden, CT, USA) and the detection limit was 1 Bq/kg. The detector efficiency was calibrated with gamma-ray volume sources (MX033U8PP, Japan Isotope Association, Tokyo, Japan). Coincidence summing effects of 134 Cs were corrected. The radiocaesium activity concentrations reported here are expressed with the units of Bq/kg-dry. To estimate organic matter, we measured the ignition losses in dried sediment samples, collected in May 2013, October 2013 and May 2014, using a high-temperature microwave muffle furnace operated at 550∞C for 2 h. Then, for some samples of these three collection periods, we used several mesh sizes to separate the layer sediment particles into four fractions: gravel (grain size >2 mm), very coarse to coarse sand (1-2 mm), coarse to very fine sand (0.063-1 mm) and silt to clay (<0.063 mm). For October 2014 samples, we separated particles broadly into only two fractions of sand (0.063-2 mm) and silt to clay (<0.063 mm). The radiocaesium activity concentrations according to grain size were measured with the same Gedetector as used for the bulk sediment samples.
Data analysis for sediment samples
Activity concentrations in sediment samples were corrected to the sampling date. The collected bulk sediment activity concentration and each grain size particle activity concentration were considered to have been influenced by the FDNPS accident, as confirmed by the fact that the 134 Cs/ 137 Cs activity concentration ratios in sediment corrected to March 11, 2011 ranged from 0.8 to 1.2 (Supplementary Tables S2 and S3 ).
For data analysis of temporal changes in distribution of sedimentary 134 Cs, we firstly performed F-test to confirm the equal variance between the two periods (P < 0.05 level), assuming that the measured 134 Cs activity concentrations at each station and sampling period were expressed as normal distribution. 134 Cs activity concentrations in samples showing equal variance were also calculated by the t-test and we confirmed which of these activity concentrations had significant differences or not between two sampling periods (P < 0.05 level). Samples that not showed equal variance were verified by the Wilcoxon signed-rank test to confirm whether or not there was a significant difference (P < 0.05 level). These statistical treatments were applied for two cases of 134 Cs activity concentrations decay-corrected to sampling date and decay-corrected to March 11, 2011.
In this study, we defined upper-layer, surface-layer and middle-layer sediment as being in core depth ranges of 0-1, 0-3 and 5-16 cm, respectively.
RESULTS
Cs activity concentration and organic matter in bulk sediment
In bulk sediment, the only artificial radionuclide detected was radiocaesium. In 2013-2015, the 134 Cs activity concentrations in bulk sediment were 1.0-571 Bq/kgdry (Table S2 and Fig. 2 ) and were within previously reported ranges (e.g., NRA, 2017b). The activity concentrations at NP1, I02, A and B were considered to have originated from the FDNPS accident until reaching core depths of about 20 cm. Comparing geometric means (GMs) for 134 Cs activity concentrations in surface-layer sediment at each station, GMs at monitoring stations A and B were 81 Bq/kg-dry and 90 Bq/kg-dry, respectively, but the values at AN6 and M01 were 13 Bq/kg-dry and 3.9 Bq/kg-dry, respectively. At M02, I01, I02, A, and B, the activity concentrations were higher in the surface-layer sediment and then exponentially decreased with increasing depth below that. The peaks of activity concentrations showed clearly in their distribution at a depth of about 5 cm at AN6, I02 and A in May 2013 and at M02 in Black and Buesseler (2014) and these activity concentrations here were recalculated by being decay-corrected to the sampling date based on their results.
October 2013. These clearly shaped peaks were temporary and did not appear at the same stations during other sampling periods. At NP3, the activity concentrations at core depth 0-5 cm in May and October 2014 were 1.7-6.9 times higher than those in May 2013. The activity concentrations at depths greater than 5 cm at M01 in May 2014 and at NP0 in October 2014 were about two times higher than those in surface-layer sediment. The broad peaks for the activity concentrations in middle-layer sediment at NP0 and NP1 in October 2014 were observed, but these peaks were not found in October 2015. 134 Cs activity concentrations between sampling periods generally had equal variance and these activity concentrations showed no significant difference (Table S3 ). In the case of using 134 Cs activity concentrations corrected to March 11, 2011, these activity concentrations between sampling periods showed almost no significance (Supplementary  Table S4 ). However, 134 Cs activity concentrations between 2013 and 2015 at NP2, NP3 and A had significant difference and the activity concentrations at NP1 between 2014 and 2015 also had significant difference of 134 Cs activity concentrations in both cases correction to sampling periods and corrected to March 11, 2011 (Tables S3 and S4 ). In the areas with water depth range of 50-100 m, ranges of 134 Cs activity concentrations between 30k-FD and ONH zones had significant difference but there was not significant difference for the activity concentrations with other depth ranges (Supplementary Table S5 ). The ignition losses (organic matter) in the 30k-FD and ONH zones were 0.36-7.8% and 0.98-13%, respectively, and they were high at M02, I01, I02, A, and B (Table S2 and Supplementary Figs. S1a-c). In the areas with water depth ranges of 0-50, 50-100 and >100 m, organic matter between the two zones had significant difference (Table S5 and Figs. S1a-c). In the two zones, the correlation coefficient between 134 Cs activity concentrations and organic matter content was statically significant for the water depth range of 0-50 m in the 30k-FD zone and >100 m in ONH zone but not the other water depth ranges (Supplementary Table S6 , Figs. S1a-c).
Grain size distribution and 134 Cs activity concentration according to grain size
In May 2013, October 2013, and May 2014, the percentage ranges of gravel, very coarse sand, coarse to very fine sand, and silt to clay fractions in sediment were 0-23%, 0-49%, 38-100%, and 0-42%, respectively, in the 30k-FD zone (Table S2 ). In the ONH zone, the corresponding percentages were 0-0.12%, 0-0.30%, 28-100%, and 0.81-72%, respectively. In October 2014, the percentage ranges of sand and silt to clay fractions were 78-100%, and 0.33-22%, respectively, at NP0, NP1 and NP3. The coarse to very fine sand fraction was the most abundant fraction at most stations in both zones. In the 30k-FD zone, percentages for large size particles such as gravel and very coarse sand in sediment were higher compared to those in the ONH zone. In the area with water depth ranges of 50-100 m and >100 m, percentage ranges of silt to clay fractions between 30k-FD and ONH zones had significant difference (Table S5 and Figs. S1d-f). These distributions for grain size composition had a similar trend to that of previous reports (e.g., Mogi and Iwabuchi, 1961; Aoyagi and Igarashi, 1999) . At each station, the vertical changes for grain size composition were generally constant with increased core depth.
The 134 Cs activity concentrations for granules, very coarse sand, coarse to very fine sand, and silt to clay particles were in the ranges 2.9-3.2 Bq/kg-dry, 2.6-7.0 Bq/ kg-dry, 2.0-461 Bq/kg-dry, and 12-515 Bq/kg-dry, respectively, and these activity concentrations tended to be higher with decreasing grain size in May 2013, October 2013, and May 2014 (Supplementary Table S7 and Figs. S1d-f). In October 2014, the activity concentrations for sand and silt to clay particles were 3.8-461 Bq/kg-dry and 13-515 Bq/kg-dry, respectively. The correlation coefficient between 134 Cs activity concentrations and percentages of silt to clay fraction did not show a significant correlation in the areas for all three water depth ranges in the two zones (Supplementary Table S8 , Figs. S1d-f). 134 Cs activity concentration in sediment Relatively high 134 Cs activity concentrations in surface-layer sediment at A, B, M02, NP3, I01 and I02 stations (Fig. 2) where the sediment was rich in silt to clay particles (3.7-70%) and organic matter (4.1-13%), were observed (Table S2) . This distribution pattern, showing that higher 134 Cs activity concentrations were observed at stations with water depth ranging from 100-150 m in the 30k-FD zone and deeper than 50 m in the ONH zone, was consistent with those in previous reports (e.g., Otosaka and Kobayashi, 2013; Ambe et al., 2014; Black and Buesseler, 2014) . In contrast, the activity concentrations at AN6 and M01, where sediment consisted of relatively coarse particles and had relatively low organic matter content (<3.0%), were below 20 Bq/kg-dry. Comparing local topography in both 30k-FD and ONH zones, stations that recorded high 134 Cs activity concentrations were located at relatively flat bottom area, while low activity concentrations were seen at bottom areas with steep slopes. In both 30k-FD and ONH zones, these seabed in flat bottom area consists mostly of fine sand and silt to clay, while those with steep slopes consists mainly of coarse and fine sand (Aoyagi and Igarashi, 1999; Mogi and Iwabuchi, 1961) . These results suggest that positive correlations between 134 Cs activity concentrations, per-centage of silt to clay particles and organic matter are reflected by characters for Cs of easily adsorption to clay minerals such as vermiculite and smectite, and with the larger specific surface area of finer grains. Between 2013 and 2014, temporal changes for 134 Cs activity concentration were generally not statically significant in both cases using correction to sampling date and correction to March 11, 2011 (Tables S3 and S4 ). However, temporal changes for 134 Cs activity concentration at NP2, NP1 and NP3 in the 30k-FD zone had a significant difference between sampling periods for both cases of corrected 134 Cs activity concentrations (Tables  S3 and S4) . From this result, it can be considered that activity concentrations of radiocaesium in sediment are varied by the following processes in addition to the radioactive decay: (i) re-elution as a dissolved form from the sea bottom, (ii) re-suspension as a particulate form, lateral transport, and re-sedimentation due to the action of ocean waves and bottom currents, and (iii) penetration into deep-layer sediment due to sediment mixing with bioturbation. According to previous reports, the contribution for re-elution from sediment to seawater was extremely small (e.g., Otosaka and Kobayashi, 2013; NRA, 2015) . For the second process, at some stations off the coast of Ibaraki Prefecture, locally elevated 137 Cs activity concentrations in surface-layer sediment with time were caused by temporary transportation of fine particles including high 137 Cs activity concentrations and these results would be a "snap shot" of the behavior (Otosaka and Kobayashi, 2013) . Otosaka and Kato (2014) predicted the range of 137 Cs/excess-210 Pb ( 210 Pb ex ) ratio in sediment, which is affected by secondary transported particles, considering 137 Cs and 210 Pb ex flux values in sediment trap samples at an offshore station (37∞20¢ N, 142∞10¢ E, bottom depth 992 m, sediment trap depth 873 m). From the result for this estimation, they expected that the contribution of re-suspension in sediment accumulated on the continental shelf area was low compared to that at stations with water depth greater than 500 m. In contrast, at station F01 (37∞25¢ N, 141∞28¢ E, water depth 1300 m sediment trap established depth 1000 m), the established 137 Cs flux increased in October 2013 because re-suspended Cs had been transported laterally (Buesseler et al., 2015) . It seems that these temporarily elevated 134 Cs activity concentrations in upper-layer sediment (depth 0-1 cm) at some stations, for example NP2 in October 2013, NP1 in October 2014 and NP3 in May 2014, were caused by random input of particles with slightly high Cs activity concentration due to several factors including re-suspension or re-sedimentation although the changes of particle compositions before and after the elevated activity concentrations in same layer were not reported. For the third process, Black and Buesseler (2014) reported that the estimated years to reduce the Cs activity concentration in surface-layer sediment by half using the excess-234 Th ( 234 Th ex ) and excess-210 Pb ( 210 Pb ex ) in sediment at stations 12 and 14, which were located near the stations designated as B and A in this study, respectively, were short compared to those at stations 15 and 16, located near the stations designated as NP3 and NP1 in this study. As far as can be seen from our results, the temporal changes in 134 Cs activity concentration in the ONH zone were smaller than those in the 30k-FD zone (Tables S3  and S4) , and the trend seems to be contrary to those reported by Black and Buesseler (2014) . In general, sediment consisting of gravel to sand particles has larger porosity and water permeability compared to those of sediment consisting of silt to clay particles. Thus, we can consider that the difference trend for temporal change of 134 Cs activity concentrations between the two zones was Fig. 3 . 134 Cs activity concentration profiles in bulk sediment (grey squares), sand particles (white triangles) and silt to clay particles (white inverted triangles) at stations NP0 and NP1 in October 2014. partly attributed to the mobility of sediment particles reflecting water content, porosity and permeability.
DISCUSSION
Factors affecting regional difference of temporal change in
Possible factors causing the broad peaks for 134 Cs near the FDNPS
The broad peaks for 134 Cs activity concentrations at core depths of the middle-layer sediment collected at NP0 and NP1 in October 2014 and M01 in May 2014 also showed the same pattern as for the activity concentrations at station NR1 (37∞39¢ N, 141∞04¢ E, water depth 25 m), which is located off the mouth of the Niida River (Fukuda et al., 2015) . The 137 Cs activity concentrations at core depth 6-10 cm were higher than those in upperlayer sediment at some stations in the northern area of FDNPS in 2012 where the sediment consisted of relatively large grain size particles and water depth was shallower (Ambe et al., 2014) .
At NP0, 134 Cs inventory difference at core depth of 0-8 cm in October 2015 was higher, being about 2695 ± 59 Bq/m 2 , compared to those in October 2014. 134 Cs activity concentrations between 2014 and 2015 at NP0 had a statically no significant difference (Tables S5 and S6 ). This trend might show due to the contribution of terrestrial material input, because this station is located 1.3 km from the shoreline and it might also reflect active sediment mixing because of the shallow 11 m depth. In contrast, 134 Cs activity concentrations between 2014 and 2015 at NP1 had a statically significant difference (Tables S5  and S6 ). In the middle-layer sediment at NP1 between 2014 and 2015, the 134 Cs inventory difference (2132 ± 16 Bq/m 2 ) was larger than the inventory loss calculated by physical decay. This decreasing trend is seen not only in middle-layer sediment, but also surface-layer sediment. It is reasonable to explain the observed result as due simply to erosion of the slope at the 60 m depth. There were major three possible factors causing the broad peaks for 134 Cs activity concentrations in middle-layer sediment at NP0 and NP1: (i) increase in percentage for small grain size such as the silt to clay particle fraction, (ii) initial deposition with relatively high 134 Cs activity concentrations after the accident and (iii) downward transport of 134 Cs into deep-layer sediment via pore water with relatively high 134 Cs activity concentrations or mixing due to bioturbation.
For the first possibility, the proportion of the silt to clay particle fraction at NP0 and NP1 in October 2014 did not increase in the sediment layer corresponding to the high 137 Cs activity concentrations (Table S7 and Fig.  3) . Furthermore, the activity concentrations for the silt to clay particle fraction were 1.1-5.3 times higher than those for sand particles and the profile patterns for both size particles were similar. Thus, it seems that the broad peaks for 134 Cs activity concentrations may not be controlled only by contribution of fine particles.
As the second possibility, 134 Cs activity concentrations in surface-layer sediment during about six months after the accident were a few thousand Bq/kg-dry and the activity concentrations were about one to three orders higher compared to those in 2014 in the 30k-FD zone (NRA, 2017b) . Unfortunately, there are no data for 134 Cs activity concentrations of the below surface-layer sediment at NP0 and NP1, at a depth below 10 cm, before October 2014, so it is not possible to say when peaks in the activity concentrations occurred. Nevertheless, in a shallow region such as NP0, vertical mixing of sediment due to a storm of bioturbations may affect the sediment layer with a few tens of cm (Otosaka, 2017) . Assuming that such processes occurred in the early period after the FDNPS accident transported highly 134 Cs-bound sediment to the middle-layers, the lower part of the mixing depth might be recorded as a peak in the middle-layer of sediment.
As the third possibility, percentage ranges for the sand particle fraction at the above three stations (NP0, NP1 and M01) were 93-100% and were relatively high compared to other stations in this study. At some stations in the ONH zone as of May 2014, dissolved 134 Cs activity concentrations in overlying water were a few mBq/kg (Fukuda et al., unpublished data) . Assuming pore water originated from overlying water, 134 Cs activity concentration in pore water was thought to less than one thousandth the values in sediment. Therefore, diffusion of radiocaesium in the overlying water into the sedimentary layers would not affect the vertical distribution of 134 Cs in sediment. These results suggest that the activity concentrations in sediment had changed significantly by a complicated process of sediment mixing, erosion or resedimentation that affected the broad peak for the activity concentration in the middle-layer sediment.
CONCLUSIONS
We observed spatial and vertical distributions of 134 Cs, grain size, and organic matter in sediment samples collected in 2013-2015 at monitoring stations in two zones off the coast of Fukushima Prefecture.
In both zones, relatively high 134 Cs activity concentrations were observed from the surface-layer sediments in the area of where the topography is relatively flat. Sediment at those stations consisted of highly mobile particles, characterized by relatively fine (silt to clay) grain size and high organic matter content. Regardless of the similar characteristics for spatial distribution of the activity concentrations between the two zones, significant temporal changes of the activity concentrations were observed only in stations near the FDNPS. It is conceivable that the different trends of the activity concentrations between the two zones were partly attributed to the mobility of sediment particles reflecting water content, po-rosity and permeability. In order to predict the distribution of the accident-derived radionuclides around the seafloor in the coastal area, it would be necessary to understand precisely the continuous transport of such highly mobile particles, including fluvial particles.
A broad peak of the activity concentration in middlelayer sediment in the region near the FDNPS was temporally recorded with high activity concentrations for both sand and silt to clay particle fractions. Such a peak in the middle-layer is thought to reflect a combined effect of vertical transport and size classification of 134 Cs-bound sediment particles in addition to the extent of 134 Cs deposition in the early period after the FDNPS accident. To understand the accumulation processes and the fate of the accident-derived radiocaesium in the middle-layers, further investigations on kinetics of radiocaesium between particles and pore water in the sediment as well as continuous monitoring of the radiocaesium distribution in sediments are required.
